Numerous disorders and types of injuries require bone tissue regeneration for the repair of bone defects. Previous attempts have been made to apply bone morphogenetic protein (BMP), a bioactive growth factor, to the defect site for bone reconstruction in various animal models. However, many of these studies evaluated the efficacy of BMP using texture and soft X-ray imaging performed after the laboratory animal was euthanized. As such, any attempts to observe the induction of new bone formation over a continuous time scale within the same laboratory animal has been difficult. Accordingly, a setup in which BMP-induced ectopic bone formation is assessed over the long term has become extremely important. To date, there are no reports to verify the long-term preservation of BMP-induced bone formation at sites of repair. In this study, we performed a long-term and continuous observation of new bone formation after the addition of BMP using a new threedimensional micro X-ray computed tomography technology, R_mCT. BMP was implanted into a gap in the fascia of the femur in a mouse, and scanning using this new technology was continued for 320 days. The following tests were performed: (1) observation using 3-dimensional construction imaging; (2) measurement of the mean ratio of new bone volume to total volume, and (3) measurement of the density of new bone formation. From these tests, we observed that BMP-induced ectopic bone persists for up to 320 days, with minimal losses in bone volume or density, unlike previously accepted notions. We also present details of the structural changes in this ectopic bone.
Introduction
Bone tissue formation is frequently sought after for the repair of bone defects in the numerous bony structures and other sites of hard tissue formation. Bone morphogenetic protein1-3), which is a bioactive factor, has been traditionally used to induce bone reconstruction in conjunction with various biomaterials [4] [5] [6] [7] . However, few of these studies have assessed the long-term preservation of BMP-induced ectopic bone formation in the same laboratory animals, and most studies use soft X-ray photographs and other tools on euthanized animals. Thus, the continuous and long-term observation of ectopic bone formation in response to BMP is rarely conducted. Moreover, X-ray imaging provides few quantitative data as to how the new bone is formed8-9), because it is based on two-dimensional (2D) observations. More recently, micro-computed tomography (micro-CT) has emerged as a method to study new bone formation in 3D, which offers more information in a non-destructive manner. However, the conventional mode of micro-CT imaging requires a long scanning time, and thus continuous scanning of a living laboratory animal remains difficult.
Recently, an R_mCT 3D micro X-ray computed tomography technology was developed [10] [11] , making the continuous evaluation of new bone formation in the same animal feasible using this device. One study has reported the short-term continuous evaluation of new bone formation for up to 3 weeks after BMP implantation and determined changes in bone volume attributed to binarization12). However, the long-term observations of BMPinduced ectopic bone formation using R-mCT have not been conducted. Judging from the above, we believe that there is a need to determine (1) the continuous changes in ectopic bone formation and its persistence over time and (2) continuous observations in a single animal. Therefore, in this study, R_mCT was used to continuously assess BMP-induced ectopic bone formation in the same mice for 320 days.
Five milligrams of BMP was weighed and encapsulated in a #5 gelatin capsule to be used as an implant sample14). Male 4week-old mice were used as the study animals (n=8) after 1 week of acclimatization. BMP capsules were implanted into gaps between the fasciae in the femur of each mouse. Forane® (Isoflurane, Abbott, Japan) and an anesthesia apparatus (Small animal Isoflurane Anesthetizer 400, Univentor) were used to provide full anesthesia, and treatment was performed under painfree conditions. The study protocol was approved by the Ethics
Committee of Aichi Gakuin University School of Dentistry (Ethical Clearance Number AGUD 042)

R_mCT scanning and long-term assessment
Scanning and observation of 3D-constructed images
Scanning was performed at regular intervals over the 320 days of the experiment after BMP implantation: 0, 2, 5, 8, 10, 12, 14, 16, 18, 21, 23, 35, 42, 63, 91, 105, 133, 182, 242 and 320 days.
Scanning was performed using the R_mCT apparatus (Rigaku, Japan). The schematic in Figure 1 outlines the anesthesia apparatus, box, and acrylic imaging platform used to perform the imaging. First, the mouse is anaesthetized for approximately 5 min in the anesthesia box. Once anaesthetized, the mouse is then positioned onto the acrylic imaging platform that includes a CT calibration phantom, which was configured close to the BMP implantation site. The scanning conditions were set as follows:
tube voltage, 90 kV; tube current, 88 A; scan time, 17 s; pixel size, 50×50×50 m; and scan region, 24×24mm. The data are usually scanned with a custom format that uses the i-VIEW type R scanning/imaging construction software. However, we used the ATLAS VTC software, which provides a general output in a layered TIFF. Therefore, calibration of the CT values was conducted with the values of 2 points in the acrylic photography platform (20 HU), using the ratio-calibrating phantom (1000 HU) as a standard. The quantitative bone mineral phantom, with a hydroxyapatite content of 200, 400, 600, and 800 mg/cm3, was scanned under the same conditions as each mouse, and a standard curve of the CT values against the bone mineral content was produced. Volume rendering was conducted with TRI/3D BONE using the layered TIFF data from the CT value calibration. New bone formation was evaluated chronologically.
Mean new bone volume as a ratio of total volume
Using the volume-rendered images, new bone volume was measured after the bone region was processed using binary coding, wherein tissue above a certain threshold 
Measurements of new bone density
Bone density changes were also measured chronologically. The quantity of the bone density was determined by a quantitative CT method.
Duration of study period
Since the long-term persistence of BMP-induced ectopic bone formation was unknown, the study period was determined from 15) .
Histology
Histological assessments were performed on a second group of mice (n=9), that were housed, acclimatized and implanted with a BMP capsule, as described earlier. Mice were euthanized on the days 21, 63 and 91 after BMP implantation (n=3 at each time point). The soft tissue and muscle surrounding the implantation site was extracted at each time point. After each sample was embedded in paraffin according to method, and tissue sections were prepared. Sections were stained with hematoxylin-eosin, and histological evaluations were conducted. Mice in group 1 that were examined by micro CT scanning at day 320 were also examined using soft X-ray photography, and then tissues were subjected to paraffin embedding and histological staining as describe above.
Results
Chronological evaluation of BMP-induced bone formation using R_mCT Observation using 3D construction images
As a representative example, a volume-rendering image of the same individual sample from immediately after the implantation to 320 days after the implantation is shown in Figure 2 . Minimal changes were observed on the day of the implantation and on days 2 and 5 after implantation; however, on day 8 after implantation, radio-opacity (CT value, 529 ± 65 HU) was observed at the implantation site as compared with that of the surrounding soft tissues (CT value, 63 ± 7 HU). By day 10, a further rise in radio-opacity (721 ± 69 HU) was observed at the implantation site, with an expansion in the diameter of the radio-opacity at the inner side of the new bone. We observed a continuous increase in CT values and the expansion of this radio-opaque region on days 12 (786 ± 62 HU), 14 (819 ± 60 HU), 16 (851 ± 85 HU), and 18 (915 ± 91HU) after implantation. The opacity readings peaked at Moreover, the external form of the opaque image area appeared smooth during the period between day 21 and day 91 after implantation. Changes to the external form were minimal between day 91 after implantation and day 320 after implantation.
Measurement of the average ratio of new bone volume
The average volume ratio for the eight individual samples is shown in Figure 3 , where the volume of new bone at 320 days after BMP implantation is set to 100%. An increase in new bone volume was not observed until day 5 after implantation, and an abrupt increasing trend was observed from day 8 to day 18 after implantation. Between day 18 and day 63 after implantation, bone density levels showed a slight decrease and then plateaued, following which no significant changes in density were observed between day 63 (approximately 9 weeks) and day 320. Figure 4 shows the 3D construction image, in which color mapping was conducted using TRI/3D BONE based on the bone density of a single representative sample at days 10, 21, 42, 91, 182 and 320 days after implantation, and cross-sectional images along the X, Y, and Z axes, respectively, are shown. The quantitative results for bone density readings are shown in Figure  5 . Bone density showed an increasing trend from day 8 after implantation until day 35, and then remained constant until day 63 after implantation. Moreover, bone density showed a decreasing trend from day 63 to day 91 after implantation and there was little change in bone density from day 91 to day 320 after implantation.
Measurement of the density of new bones
Study period
The bone volume and bone density results indicated stabilization in new bone formation in ddY type mice living for more than half of their average life span (80 weeks). The study period was thus determined to end on the 320th day after implantation. Figure 6 shows representative histological staining for BMPinduced ectopic bone formation at days 21, 63, 91, and 320 after implantation. Cartilage tissue was mainly observed on day 21 after implantation ( Fig. 6a) , with hard bone tissue and myeloid progenitors observed in some areas. By days 63 ( Fig. 6b ) and 91 after implantation (Fig. 6c ), a thickening of osteoid and bony trabeculae were observed in the newly formed ectopic bone. By day 320 after implantation (Fig. 6d ), a lamellar, cortical bonelike structure was observed.
Histological Observations
Discussion
To date, there have been no reported cases on the long-term transitions that take place following BMP-induced ectopic new bone formation. Hence, the accepted presumption is that new bone created following administration of BMP will, in any case, be resorbed by local dynamic factors. Thus, the focus of this study was to assess the long-term preservation of this ectopic bone formed in response to BMP. Moreover, we sought to resolve the problems associated with consecutive observations of the same individual in these long-term observation-based studies, and employed an in vivo micro-CT apparatus that can perform costand time-effective live animal imaging. Below, we discuss our observations regarding each experiment examined in this study.
Continuous micro-CT scanning of a living mouse
As a way to conduct quantitative and morphological observations, micro-CT has achieved good clinical results, and is gradually becoming used in animal experiments. However, conventional micro-CT requires long scanning times, which leads to significant effects of radiation in the study animals. Furthermore, the impact that the prolonged and repetitive use of anesthesia has on bone formation cannot be ignored1 [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . On the other hand, R_mCT developed by Arai et al. [9] [10] , has a shorter scanning time of 17 seconds as compared with that of conventional CT machines, making it is possible to reduce the burden associated with extensive anesthesia in living laboratory animals. Moreover, if scanning is to be conducted in vivo over an extended timeframe using R_mCT, small animal isoflurane anesthetizer is used to reduce the burden from anesthesia for each scan 18) . In the conventional anesthesia, intravenous anesthesia or intraperitoneal anesthesia, such as sodium pentobarbital is used. However, the present anesthesia apparatus offered a smooth rapid induction time, a short recovery time, and it is believed that the effects of the repeated anesthesia to the mice are now within the scope such that they can be ignored.
Chronological observation by micro-CT Three-dimensional construction image
From the morphological observations of new bone formation using a 3D construction image, we were able to verify that the quantity of new bone increased from day 8 after implantation to day 18 after implantation and that, after the formation of this ectopic new bone, ossification progressed toward the inner side of the new bone. Throughout the period between day 18 and day 91 after implantation, our observations showed that the ectopic new bone became smoother in appearance. Usually, bones in vivo are always functionally adapting to external forces from surrounding areas, with cortical bone located on the outside and cancellous bone located on the inside of normal long bones. This mechanical structure allows the bones to adapt to external forces.
In terms of the ectopic bone, the formation of the external bone trabeculae and bone hard tissues in this experiment is believed to arise from mechanical factors. The ectopic bone is presumed to have existed in a stable state between days 91 and 320 after implantation, as there was little change in the new bone during that time.
Measurement of the ratio of new bone volume
The period of bone volume decrease was a period in which the exterior of the new ectopic bone transformed to adapt to the external forces, while the interior new bone transformed into a trabecular structure. This bony transformation is believed to be detectable as a decrease in bone volume.
The period between day 63 and day 320 after implantation,
where changes in bone volume were not markedly difference, was matched with the period where there were fewer changes in the external appearance of the bone. As stated above, there is generally a connection between mechanical stress on a bone and a change in bone volume. Also, previous studies have assumed that bone that is induced at heterotopic sites will be resorbed; however, we observed no tendency for bone resorption in this study, which indicates that new bone can exist stably over the long term.
Measurement of new bone density
In the bone density measurements, unlike with the morphological observations and measurements of bone volume, no period of decreasing values for bone density was observed. Bone density showed a continuous increasing trend until day 35 after implantation; this was different to that observed for bone volume, which showed a decrease from day 18 after implantation.
Thus, throughout the period where bone volume was decreasing, bone density values were increasing or stable. It is believed that the reason for this is that bone density is stabilized or increased in the period during which new bone is functionally adapting during bone metabolism.
Moreover, bone density showed an increasing trend from day 63 after implantation to day 91, and it is believed that the bone matured as the morphology stabilized. Additionally, from day 91 to day 320 after implantation, bone morphology and bone density stabilized, so it is presumed that remodeling was also homeostatic.
Histological Changes
Cartilage tissue and hard bone coexisted at the site of ectopic bone formation at day 21 after implantation. Previous reports indicate that cartilage is formed from day 7 after ectopic injection of BMP until day 21 and that ossification takes place subsequently. Therefore, we believe that bone induction followed this progression. Moreover, bone tissue further matured into lamellar structure, which was observed at days 63, 91, and 320. This result is consistent with the abovementioned micro-CT and bone density measurements.
In this experiment, the same individual sample was continuously observed using micro-CT with the purpose of observing long-term changes in ectopic bone formation by BMP. 1. New bone induced by BMP was present and maintained until 320 days after implantation.
2. The exterior appearance of the ectopic bone was smooth between days and 91 after implantation.
3. Bone volume measurements showed a marked increase followed by a slight decrease until a plateau was reached and maintained until 320 days, whereas bone density showed a gradually increasing tendency that was also stabilized by the end of the experiment. 4. An evaluation of the internal structure of ectopic bone was possible with continuous micro-CT scans and morphological observations.
As stated above, new bone induced by BMP, contrary to accepted notions in the past, can persist in vivo over an extended period of time. Moreover, details of the structural changes in the induced bone are now clear. The information derived from this series of 3-dimensional data represents a fundamental dataset essential for bone regeneration therapy, and is believed to have a significant ripple effect on not only the dental, but also fields that are closely related to the dental field, such as plastic surgery and general surgery.
